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ERRORS IN TEN€'- ME- ON THE SURFACE OF A SOLID BODY USING 

A THEEMOCOWU w"t HEATLfaG AND COOLING FOLLOW AN ARBITRARY L A W  

B. I. Makarov 

ABSrRAm 

Equations a re  derived for determining e r r o r s  i n  tempera- 

ture measurement on t h e  surface of a semi- inf ini te  s o l i d  body 

by means of a s e m i - a r t i f i c i a l  thermocouple, when heating and 

cooling take place from some s ta t ionary  temperature state i n  

accordance with an a r b i t r a r y  l a w .  

f 60* Let us determine t h e  measurement e r r o r  which occurs whentemperature i s  

measured with a s e m i - a r t i f i c i a l  thermocouple on t h e  surface of a semi-infinite 

s o l i d  body,an e r r o r  produced by t h e  h e a t  flow along t h e  electrode of the  thermo- 

couple. The thermal f lux a l m g  t h e  electrode produces a temperature f i e l d  

which w i l l  be superimposed on the  temperature f i e l d  of a semi- inf ini te  body, 

and which w i l l  tend t o  d i s t o r t  i t .  This d i s t o r t i o n  of t h e  temperature f i e l d  

determines t h e  e r r o r  i n  t h e  measurement of temperature. The thermal f l u x  

along t h e  electrode depends on t h e  parameters of t h e  electrode and on t h e  

temperature a t  t h e  contact area between t h e  electrode and t h e  body (which i s  

"Numbers given i n  t h e  margin indicate  t h e  pagination i n  t h e  o r i g i n a l  foreign 
/ 

t e x t .  
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measured with a thermocouple); therefore,  the  d i s t o r t i n g  temperature f i e l d  and 

t h e  measurement e r r o r  can be determined from t h e  measured temperature inde- 

pendently of t h e  t r u e  temperature f i e l d  of t h e  body. The following assumptions 

are made i n  t h e  solut ion of t h i s  problem: t h e  electrode i s  semi-infinite,  t h e  

coef f ic ien t  of heat exchange on t h e  surface of t h e  electrode a i s  constant and 

i s  t h e  same for t h e  e n t i r e  surface,  t h e  temperature gradient along t h e  cross 

sect ion of the  electrode i s  absent, the  thermal f l u x  i s  constant along t h e  

radius  of the  electrode R 

( t h i s  has p r a c t i c a l l y  no e f f e c t  on the measurement e r r o r ) .  

and the  surface of t h e  body i s  thermally insulated 
e 

We s h a l l  assume 

t h a t  t h e  temperature of t h e  surrounding medium i s  equal t o  zero. 

i n i t i a l  i n s t a n t  of t i m e  (T  = 0)  t h e  electrode and t h e  body w i l l  have a s ta t ion-  

A t  t h e  

a r y  temperature d i s t r i b u t i o n  d i f fe ren t  from 0. 

e lectrode and t h e  d i s t o r t i n g  temperature f i e l d  i n  t h e  body a t  t h e  i n i t i a l  in-  

stant of t i m e  are described by t h e  following equations (ref.  1) 

The temperature f i e l d  of t h e  

I _._ 

where Me = 2’o--* ‘70 lEl ‘ I  ‘a. Jf%- ( t h e  origin of t h i s  p a r t i c u l w  coordinate system is at 
p .  R, _. 

t h e  center  of t h e  area of tangency between t h e  electrode and t h e  body). The 

negative s ign i n  equation (2)  shows t h a t  t h e  d i s t o r t i n g  temperature f i e l d  

decreases t h e  undistorted temperature f i e l d .  After t h i s  t h e  body w i l l  be 

heated or cooled, and t h e  temperature on t h e  contact area w i l l  vary according 

t o  an a r b i t r a r y  law tk = tk + (T) ,  where 

heating and a minus sign during cooling, while a t  t h e  i n i t i a l  i n s t a n t  of t i m e  

( T )  w i l l  have a p l u s  s ign during 

it w i l l  be equal t o  0. The thermal f l u x  on t h e  contact area q(T) may be de- 

t e m i n e d  by solving t h e  equation of heat conductivity f o r  t h e  electrode 
2 



where m = ze  
To solve equation (3) we use the Laplace transformation with t h e  i n i t i a l  

condition (1) 

The so lu t ion  of t h i s  equation, which satisfies t h e  condition = aD G and the  

I transformed boundary condi t i  +.-s \ . ~ . ( s > , t  i s  i q’d 

tx. esp( --I Vm,, 
+ a , (m-m*)+s  - 

The image of t he  thermal f l u x  on the contact area i s  given by expression 

I-------- i, 
3 . ~  1-5 1- a, 

Q ( s )  = -->.,-J = - - F ( s )  1 ma, -;- s -! 
(6) . _  r- 1’ m 

I I r -  

1, - t h ; e x p f -  .1 In*). ~7 

+ t&j., t-------- fV/a,(m-m,)i fm, + S  + J_-.-- 

a,(m - - :no) +- s s [u, (m -- m,) f SI 

The d i s t o r t i n g  temperature f i e l d  produced by the  thermal f l u x  can be 

obtained by solving t h e  equations of heat conductivity for  the  body, using 

a c y l i n d r i c a l  system of coordinates 

bt, 1 31 dt, I & , - + + - - 7 t + -  =-- -  < 0. ( 7 )  
d p  I 0~ d 2  a, 3: 

To solve equation (7) we use t h e  i n i t i a l  condition (2 )  and t h e  boundary 

condition. 

, 1111, >--I) <-r . 
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and apply t h e  i n t e g r a l  transformation of Heinkel and Laplace. After t h i s  

t h e  equation takes  the  form 

while the  boundary conditions (8) i s  given by expressions 

The solut ion of equation ( g ) ,  taking i n t o  account boundary conditions (10) 

and equation (6) has t h e  form 

Then, by applyi-ag t h e  inverse Laplace and Heinkel transformation we f i n d  t h e  

d i s t o r t i n g  temperature f i e l d .  

u t i l i z e  t h e  following equations, which e s t a b l i s h  a r e l a t i o n s h i p  between t h e  

I n  the inverse Laplace transformation we 

image and t h e  o r i g i n a l  (ref.  2)  
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then we obtain 

Replacing t h e  in t eg ra t ion  v a r i a b l e s  and introducing c r i t e r i a  of 

we obtain t h e  following expression f o r  t he  d i s t o r t i n g  temperature f i e l d  

5 
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The temperature measurement error is determined by the distortion of /64 
the temperature field on the contact surface (x = 0, r s Re) 

:< exp I . 2F0 (Hi  - Bi,)] J'( jR' exp ( ~ * [ * ( B i - l 3 i J - l ] ) &  2 x 
0 0  
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Thus, t h e  temperature measurement e r r o r  may be obtained by means of a 

s e m i - a r t i f i c i a l  thermocouple f o r  any i n s t a n t  of time using equation (l5), i f  

w e  have a recorded temperature curve; i n  t h i s  case it i s  necessary t o  use the 

temperature var ia t ion  curve t o  construct the  var ia t ion  i n  i t s  der iva t ive  as a 

/65 

function of t i m e .  The analysis  of equation (15) shows t h a t  when t h e  body i s  

heated from some s ta t ionary  temperature s t a t e  the  measurement e r r o r  w i l l  have 

a negative sign, i . e . ,  t h e  undistorted temperature w i l l  be grea te r  than t h e  

measured temperature by t h e  magnitude of t h i s  e r r o r .  

two cases are possible:  

has a p o s i t i v e  sign. I n  t h e  first case t h e  undistorted temperature i s  greater, 

while i n  t h e  second case it i s  less than t h e  measured temperature. The e r r o r  

sign during cooling depends on t h e  r a t e  of temperature change. If t h e  i n i t i a l  

temperature of the  electrode and of the  body i s  equal t o  zero, i .e.,  t 

t h e  measurement e r r o r  i s  determined only by t h e  f i rs t  term of equation (15) .  

Symbols Used 

When t h e  body is cooled, 

(1) t h e  error has a negative s ign and (2)  t h e  e r r o r  

= 0, ko 

R --electrode radius;  t%--temperature on contact surface during sta- 

t ionary  temperature s t a t e ;  A e ,  A,~-coefficients of heat conductivity of 

e lectrode and of body; we, aT--coefficients of temperature conductivity of 

e lectrode and of body; (Y , a--coefficients of heat exchange on surface of 

e lectrode a t  i n i t i a l  moment of t i m e  and during middle of temperature measure- 

ment i n t e r v a l ;  J1 (y Re) ,  Jo (yr)--Bessel functions of first kind of first 

and zero order; qo, q(T)--thermal fluxes on contact surface a t  i n i i t i a l  and 

var iab le  i n s t a n t s  of time; e r f  u--probability in tegra ls ;  F( s ) ,  Q( s)--Laplace 

transformations of functions f ( T )  and q(T). 

0 
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S-Y 

The article is concerned with the measurement of temperature on surfaces 

of solids by means of a semi-artificial thermocouple, involving an error due 

to the heat transfer along the thermocouple electrode. An equation is de- 

rived for determining the distorting temperature field due to heat transfer 

along the electrode thermocouple, as well as an equation for  computing the 

temperature measurement area when a solid is heated or cooled from a certain 

stationary temperature in an arbitrary manner. These equations determine 

the actual undistorted temperature field from the field measured with a 

thermocouple. 
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